There were 19 cases of air embolism (1%) among the first 2000 incidents reported to the Australian Incident Monitoring Study. No embolism-induced fatalities were reported. Serious acute systemic effects occurred in 14 incidents; one circulatory arrest required electrical counter-shock.
Gas embolism continues to cause problems in anaesthetic practice; early recognition and prompt treatment is required. There have been some recent advances in our understanding of its effects, I with much of the clinical experience coming from diving and hyperbaric medicine. U The offending gas is most commonly, but not exclusively, air. There are many iatrogenic associations: cardiopulmonary bypass; 4 thoracic surgery; 5 vascular surgery; 6 neurosurgery; 7 obstetric surgery; 8 central and peripheral venous line mishaps; 9 and intermittent positive pressure ventilation. 10 In many of these situations air embolism may be noticed first by the anaesthetist or the intensivist.
It was therefore decided to study the first 2000 incidents reported to the Australian Incident Monitoring Study (AIMS) to obtain objective information about the features of and circumstances surrounding air embolism in clinical anaesthetic practice.
METHODS
Information of relevance to air embolism was extracted from the first 2000 incidents reported to AIMS. AIMS involves the voluntary, anonymous reporting of any unintended incident which reduced, Accepted ror publication June I, 1993. or could have reduced, the safety margin for a patient. Details of the AIMS methods are provided elsewhere in this symposium. II All incident reports were studied with the key word "air embolus".
The extracted reports were analysed in detail for the composition, source and vascular location of the gas, the nature of the procedure in progress, and the methods of detection, management and outcome,
RESULTS
The information on air embolism from the first 2000 incidents reported to AIMS is displayed in Tables 1-4. There were 19 episodes (l0J0 of incidents) of air embolism amongst the first 2000 incidents reported to AIMS; these involved 17 patients, with 3 episodes of air embolism in one patient. All patients were adults except one nine-month-old infant. Only 14 incidents were classified as "air embolism" in another paper in this symposium dealing with incidents occurring in association with general anaesthesia. 12 The balance of the 19 were classified "non-applicable" to that study because they occurred outside the operating theatre or during regional anaesthesia.
Five cases were described as surgically urgent. The American Society of Anesthesiologists (ASA) "Classification of Medical Status" gradings for the 17 patients are shown in Table 5 . No fatalities from air embolism were reported. Significant systemic effects were recorded in 14 (73%) cases. In one of these there was circulatory arrest requiring electrical countershock. Two patients subsequently died from complications unrelated to their embolism.
Composition, source and vascular location of the gas. Air was the cause of embolism in all cases, and in all but three the air entered systemic veins. Of these three exceptions, air entered the aortic arch during aortic valve replacement on cardiopulmonary bypass in one, air entered the pulmonary artery at pneumonectomy in one, and in one air entered via a radial artery line. There were no reports of embolism from anaesthetic or ventilation gases in this series. Table 1 shows the sources of the air. In about two thirds of all the cases the air entered the vessels from the surgical field. In the remainder the entry was via vascular lines established by the anaesthetist. 5 5 Nature of procedure in progress. In all but 1 case air embolism occurred in the operating theatre. The exception occurred en route from an intensive care unit to theatre, when a patient was being transfused via a central line using a pressure infuser. Table 2 shows the procedures associated with the air embolism. Nine of 19 incidents (47070) involved head and neck surgery. In one case, during removal of a falcine meningioma, air embolism occurred 3 times. One case involved pulmonary artery air embolism during pneumonectomy. The single obstetric case occurred during exteriorisation of the uterus. Methods of detection. The means by which the anaesthetist was first alerted to the problem and the subsequent means of "secondary" detection are shown in Table 3 . There were no reports of either use of, or detection by, ultrasonic Doppler monitoring. The capnograph was the primary detector in over one quarter of the incidents (3 in one patient), followed by the arterial line (21 %). The 4 reports of human detection were each by the anaesthetist. On 3 such occasions an unprimed heat exchange coil had been set up in an IV line by an anaesthetic nurse; in the fourth air entrainment from a faulty arterial line transducer was observed. Capnography was the principal secondary or "confirmatory" detector. The oximeter acted as a useful "back-up" monitor in 3 cases. In one neurosurgical case, the capnograph was accidently disconnected from mains power by a nurse, just prior to air embolism occurring. As re-calibration took some minutes, detection was actually by the arterial line (hypotension). The reporter considered detection would otherwise have been by capnography; upon re-calibration the endtidal carbon dioxide reading had decreased from 31 mmHg to 25 mmHg.
Clinical management strategies. The strategies used during management of the cases are summarised in Table 4 . Just over half of the anaesthetists switched immediately to 100% inspired oxygen, ventilation by hand, and where appropriate, warned the surgeon to take preventive action. Just under half of them put the patient "head down" and turned up the intravenous drip rate. Sympathomimetic drugs were employed in 1. A. WILLIAMSON ET AL. which ventricular defibrillation succeeded on the 6th shock. Bilateral carotid artery compression was employed for embolism into the aorta, and air was aspirated by the intravenous central line in one case. Outcome. There was no death, and no permanent morbidity was reported resulting directly from embolism. One case (pneumonectomy) died later due to uncontrolled pulmonary artery haemorrhage, and another on the next day following complications unrelated to air embolism.
Systemic hypotension (sometimes severe) occurred in all 12 cases in which the source of air was the surgical field (Table 1 ). Hypocarbia was reported in 9 of the surgical cases and arterial desaturation in 4. There was no detectable physiological response to directly observed peripheral intravenous air embolism (20 ml) in one adult case.
DISCUSSION
As the surgical field was the source of the air in 12 of the 19 cases of air embolism in this series, close observation of the surgical field is important. The surgeon anticipated the event in one report of a superior sagittal sinus tear, which was quickly confirmed by a fall in the end-tidal carbon dioxide concentration. Neurosurgery and head and neck surgery (especially in the "head-up" position-4 cases in this series) constitute well-recognized cerebral arterial air embolism risk situations,7 but the risk of air embolism during thoracic 5 and obstetric surgery 8 (where the focus still tends to be on amniotic fluid embolism) continues to need emphasis. The 7 cases of air embolism via intravascular cannulae (especially those connected to blood warming coils) underline the need for careful checking and vigilance on the part of the anaesthetist.
Appropriate intra-operative monitoring is important for the early detection of gas embolism. Anaesthetists would probably now regard the combination of Doppler ultra-sound monitoring and capnography as the combination of choice for the intra-operative detection of gas embolism. 7 However, monitoring the Doppler sound can be tiring and sometimes difficult against the background noise in the theatre. Airway pressure monitoring also has its protagonists. 13 It is of interest that no case in this series was using either precordial or transoesophageal Doppler monitoring. One patient was in the sitting position and 3 others were head-up. An oesophageal stethoscope was used in one neonatal case.
Noteworthy is the success of capnography as both a "primary alerting" and "secondary confirming" monitor ( Table 3 ).14 Capnography was quick with a secondary warning in 5 cases (Table 3) , was not in use in 5 cases, and was rendered non-functional at a critical moment in another. The usefulness of invasive blood pressure monitoring,15 of "human detection" (e.g. visible and/or audible air entrainment or injection) and of changes in heart rate and arterial saturation is confirmed in this series. It would seem that a capnograph, a pulse oximeter, an electrocardiograph and an invasive blood pressure monitor should be used in all situations at high risk of air embolism, with the addition of a Doppler monitor where possible.
There is some evidence that "head-down" posture as soon as possible, combined with 1000/0 inspired oxygen and manual ventilation of the lungs (a common sequence in this series) is a good "automatic" first move in the immediate management of gas embolism. 3 This should be combined with rapid control of the air entry site. Bilateral carotid artery compression for recognised aortic embolism seems sensible, but has obvious time limitations. Aspiration of the gas if possible, and circulatory support follows logically. With new understanding of the endothelial sequelae to cerebral arterial gas emboli, I further specific therapies should evolve. Also, the importance of early hyperbaric oxygen treatment should not be overlooked. 2 As there is recent animal evidence that a lignocaine infusion may help to protect the cerebrum from post-embolism neurological sequelae, 16 this too should be considered.
Although some protection is offered by the pulmonary vascular bed with systemic venous air embolism, this only applies in the absence of significant right-to-Ieft pre-or intra-pulmonary shunts. Up to a third of adults have a "probe patent" foramen ovale and these patients are at risk of arterial embolism if they have high right-sided pressure; 17 also, the pulmonary vascular bed is capable of being overwhelmed by large gas volumes. 2, 18 The single case of pulmonary arterial gas embolism in this series resulted in (reversible) circulatory arrest; that of the aortic root embolism produced immediate circulatory decompensation with ST-segment changes on the electrocardiograph.
CONCLUSION
Anaesthesia and surgical teams should work closely together; this is especially critical in situations of air embolism risk, which should be recognised beforehand by both teams. Although the sitting position may offer some operative advantages for posterior fossa neurosurgery, 19 the use of head-up postures has special dangers and is an indication for the use of comprehensive monitoring. In clear air-embolism-risk situations Doppler monitoring should be considered as an addition to the array of monitors.
The combination of sudden hypocarbia and systemic hypotension, with or without rapid arterial desaturation should immediately suggest the possibility of gas embolism. The patient should be placed in a slight "head down" posture and manually ventilated on 100070 oxygen whilst control is gained of the site of air entry. If significant (or any cerebral) air embolism occurs, early hyperbaric oxygen therapy should be considered.
